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DEMONSTRATION  OF  A  SINGLE -CHAMBER 
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ABSTRACT 

A  combination  slotted-tube  end-burning  charge  configuration 
was  used  to  achieve  a  boost-to-sustain  thrust  ratio  of  about  20  in  a 
single  chamber  motor  assembly.  The  gredn  was  cast  in  place  with  a 
single  propellant  formulation 

Test  firings  were  carried  out  with  both  plastisol  nitrocellulose 
composite  and  HC  binder  composite  propellants  contsdning  1%  aluminum. 
These  tests  demonstrated  rapid  auid  smooth  transitions  from  the  high  to 
the  low  levels  of  operation  with  pressure  ratios  up  to  17,  No  indication 
of  quenching  or  combustion  instability  occurred  with  transitions  from 
over  2000  psia  to  as  low  as  120  psia. 

Operational  capabilities  over  the  temperature  rauige  -40 ‘F 
to  +140*F  were  demonstrated  with  successful  firings  of  the  composite 
propellant  rounds.  The  plastisol  charges  fcdled  at  temperatures  of 
-40*F. 

Motors  containing  both  plastisol  and  composite  propellants 
were  successfvilly  cycled  between  these  temperatures  auid  withstood 
extended  periods  of  cold  soaking  at  -40*F.  Charges  of  both  propellants 
were  successfully  subjected  to  acceleration  forces  which  were  by  a 
factor  of  two  greater  than  would  normally  be  experienced  in  a  proposed 
application. 

The  12-lbm  propellant  charges  of  both  compositions  delivered 
more  total  impulse  than  was  needed  to  meet  the  requirements  for  this 
application  and  the  dimensional  envelope  was  not  exC'  .^ded. 
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1.  INTRODUCTION 

An  inherent  disadvantage  of  solid  propellant  rocket 
motors  is  the  inability  to  change  the  thrust  level  upon  command.  To 
overcome  this  difficulty  and  to  extend  the  usefulness  of  these  rocket 
motors  for  tactical  applications,  the  propellant  charge  and  the  motor 
hardware  are  designed  such  that  the  desired  thrust  -time  history  is  obtained. 

An  example  of  such  an  application  is  a  missile  requiring 
a  short  duration,  high  thrust  level  during  the  initial  phase  of  flight  and 
a  much  lower,  but  sustained,  thrust  level  to  overcome  air  drag  and  give 
a  constant  velocity  to  the  target  area.  When  boost-to- sustain  thrust 
ratios  of  about  10  or  more  are  required,  two  separate  motor  chambers 
have  generally  been  used  despite  the  weight  penalty  and  complexity  of 
the  additional  hardware. 

A  program  was  undertaken  at  these  Laboratories  to 
investigate  the  feasibility  of  using  a  single -chamber  rocket  motor  to 
provide  booster  and  sustainer  operations  with  a  thrust  ratio  of  approxi¬ 
mately  20.  The  problem  areas  were  studied  in  test  motor  firings  with 
both  plastisol  nitrocellulose  composite  propellant  and  carboxy-terminated 
polybutadiene  composite  propellant.  Of  particular  interest  were  the 
nature  of  the  transition  between  high  and  low  pressure  burning,  the 
combustion  stability  at  relatively  low  sustainer  pressures,  and  the 
hardware  requirements. 
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2.  OBJECTIVES 

The  general  objectives  of  this  effort  were  the  extension 
of  knowledge  and  experience  related  to  the  performance  of  single -chamber, 
two-level-thrust  rocket  inotors  using  case-bonded,  end-burning 
sustaincr  charges.  Special  emphasis  was  placed  on  demonstrating  a 
boost-to-sustain  thrust  ratio  of  20  with  thrust  -time  parameters  of 
1000  lbf-1.5  sec  for  the  booster  and  50  lbf-21.6  sec  for  the  sustainer. 

The  following  specifications  provided  guidelines  for  the  design  of  the 
test  motor  hardware  and  propellant  charges,  and  for  setting  up  the  test 
conditions: 

(1)  A  propellant  charge  mass  of  approximately  12  Ibm. 

(2)  A  propellant  charge  outer  diameter  of  4  to  6  inches. 

(3)  An  internal  motor  length,  including  the  nozzle,  of  20  inches 
or  less. 

(4)  Operating  capabilities  over  a  temperature  range  of  -40*F 
to  +140*F. 

(5)  A  booster  thrust  of  not  less  than  600  Ibf  at  -40*F  EUid  a  sustaincr 
thrust  of  not  greater  than  75  Ibf  at  +140*F. 

The  relative  merits  of  both  plastisol  nitrocellulose 
composite  propellant  and  carboxy-terminated  polybutadiene  composite 
propellants  were  to  be  evaluated  for  this  application. 

3.  MOTOR  DEVELOPMENT 

3.1  Grciin  Configuration 

A  variety  of  booster/ sustainer  grain  combinations  cuid 
designs  were  possible  which  utilized  a  single  chamber  and  nozzle  and  a 
case-bonded,  end-burning  sustainer  charge.  Configurations  containing 
separate  booster  and  sustaincr  charges  were  considered  and  certain 
advantages  were  noted.  For  example,  a  different  propellant  composition 
could  be  used  in  each  charge  thereby  allowing  a  choice  of  burning  rates 
and/or  specific  impulses  which,  in  turn,  would  offer  latitude  and 
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simplicity  to  the  grain  design.  A  design  using  separate  charges  would 
mininnize  thermal  stresses  and  strains  at  high  operating  pressures. 

The  undesirable  characteristics  include  poorer  ballistic  reproducibility, 
especially  if  a  restrictor  material  were  necessary  to  control  the  pro- 
gressivity  of  the  burning  surface,  and  the  greater  time  and  expense 
required  to  produce  the  charges. 

Since  manufacturing  simplicity  and  ballistic  reproduc¬ 
ibility  were  primary  considerations,  a  single-grain,  cast-in-place 
propellant  charge  design  was  selected  to  demonstrate  this  concept. 
Calculations  showed  that  the  desired  thrust-time  parameters  could  be 
achieved  within  the  dimensional  requirements  of  the  envelope.  The 
grain  configuration  was  a  slotted-tube  booster  charge  in  tandem  with  a 
solid  end-burning  sustainer  charge.  The  outside  diameter  of  the  propel¬ 
lant  charge  was  arbitrarily  fixed  at  5.50  inches  to  permit  static  tests  to 
be  performed  in  available  6,0-inch  I,  D,  motor  hardware.  (A  liner 
thickness  of  0,25  inch  provided  thermal  protection  of  the  case  during 
the  long  burning  time  of  the  sustciiner  charge.) 

The  progressivity  ratio  of  the  booster  surface  area  was 
easily  controlled  by  the  number  and  length  of  the  slots.  A  0.5-inch 
fillet  radius  at  the  forward  end  of  the  booster  port  was  necessary  to 
prevent  excessive  strains  from  being  imposed  in  this  area  by  temper¬ 
ature  conditions  and  chamber  pressure.  The  sliver  fraction  of  the 
booster,  a  result  only  of  the  fillet  at  the  forward  end,  was  insignificant. 

The  plastisol  propellant  charge  (Fig.  1)  was  11.06  inches 
in  length  and  weighed  12,0  Ibm.  Three  slots,  2.7  inches  in  length,  were 
required  for  an  almost  neutral  surface-web  history  for  the  booster.  Since 
the  composite  propellant  has  a  lower  burning  rate  at  the  booster  pressure 
level,  a  thinner  booster  web  v/as  needed.  The  overall  length  of  the 
composite  charge  (Fig,  2)  was  12,80  inches,  and  the  weight  was  12,0  Ibm, 
Four  2,7-inch  slots  were  required  for  an  acceptably  heutral  bboster  surface - 
web  history. 
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The  flat  forward  end  of  the  sustciiner  charge  was  not 
bonded  to  the  motor  head  cap;  instead,  it  was  coated  liberally  with  a 
lubricating  grease  before  the  head-cap  was  assembled  to  the  motor. 

The  excess  grease  was  forced  out  a  port  in  the  head  and  the  port  was 
then  plugged.  The  grease  inhibited  the  head  surface  and  provided 
hydrostatic  support  during  the  firing  (See  Fig.  5).  This  technique 
provided  substantial  end  relief  and  resulted  in  much  lower  strain 
conditions  in  the  he  ad- end  area. 

Details  of  the  grain  design  calculations  are  given  in 
Appendix  A  and  a  stress  analysis  of  the  configuration  is  given  in 
Appendix  B. 

3.2  Propellant  Compositions 

In  order  to  minimize  the  buildup  of  aluminum  oxide  in 
the  nozzle  throat  during  the  low-pressure  sustainer  operation,  plastisol 
composition,  RH-P-163,  and  polybutadiene  composition,  RH-C-27, 
were  selected.  These  formulations  contain  1%  powdered  aluminum  and 
also  produce  a  minimum  of  smoke  in  the  exhaust  gases  (Table  I). 

Calculations  showed  that  pressure  levels  of  2650  psia 
for  the  booster  and  200  psia  for  the  sustainer  would  produce  the  required 
20  to  1  thrust  levels  for  the  plastisol  propellant;  pressures  of  3000  psia 
cind  200  psia  would  be  needed  with  the  composite  propellant. 

Burning  rate  vs.  pressure  curves  for  the  two  compo~ 
sitions  were  obtained  from  2C1. 5-4.0  motor  firings.  The  rates  for 
RH-P-163  were  0,20  in/sec  at  200  psia  and  0.74  in/sec  at  3000  psia; 
the  rates  for  RH-C-27  were  0.175  in/sec  at  200  psia  and  0.48  in/sec  at 
3000  psia  (Figs.  3  and  4).  Some  experimental  ballistic  data  and 
calculated  theoretical  data  for  thepe  compositions  are  given  in  Table  II 
along  with  mechanical  properties  of  each  propellant  at  three  temperatures. 
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Table  I 


Composition  of  Propellants 

Ingredients  (Wt.  %) 

RH-C-27 

RH-P-163 

ZL434^-MAPO^-ERLa‘^ 

9.90 

Ammonium  perchlorate 

84.00'^ 

44.00® 

Aluminum 

1.00 

1.00 

Dioctyl  adipate 

5.00 

-- 

Iron  linoleate 

0.10 

-- 

Double  base  powder 

-- 

16.67 

Triethylene  glycol  dinitrate 

-- 

37.33 

Resorcinol 

- .. 

1.00 

2^ 

Carboxyl-terminated  polybutadiene  polymer,  Thiokol  Chemical 
^Corporation,  Trenton,  New  Jersey. 

Tris[  1 -(2-methyl)oziridinyl]phosphine  oxide.  International 
Chemical  Company,  Newark,  New  Jersey. 

Trifunction  epoxide,  Bakelite  Division  of  Union  Carbide  Chemical 
^Company,  New  York,  New  York. 

Tne  oxidizer  was  a  blend  of  the  following  particle. sizes:  15%  15p, 
35%  180p,  and  50%  350p. 

The  mean  particle  size  of  the  oxidizer  was  ISOp. 


RH-P-I63 

255 

0.43 

0.48 

240.0 

2935 

1428 

1340 

246.0 

Tetnperatvire 
-40  +77  +140 

285  34  27 

11  19  20 

0.059 


BalUttict  Prop«rti«t 
Ki»o* 

at  1000  ptla,  la/i«c 
Pretiure  exponent 

I  ,  IbC-eec/lbm 

■pe  ' 

Selected  Theoreticnl  Propertlee 
Chamber  temperature,  *K 
Exbauat  temperature  (equilibrium),  *K 
Exhaust  teiiiperalure  (frozen),  *K 
Ibf-eec/lbm 

Phyalcal  Propertlee 
Maximum  vtreie,  pela* 

Maximum  strain,  % 

Density,  Ibm/ln’ 

*ICRPO  apectimen  (din  out) 


Table  D 

Characterietica  of  PropeUant  Compoeltiona 
RH-C-27 
345 
0.32 
0.37 
238.0 


243.8 

Temperature 


-40 

+77 

+140 

94 

40 

34 

6 

14 

15 

0.060 

CONFIDENTIAL 


CONnOENHAL 


FIG.  3 


FIG.  4 


-K-r  DATA  FOR  RH-P-l63cc  (PLASTISOL). 


P-K-r  DATA  FOR  RH-C-27  (COMPOSITE). 
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3.3  Liner  Formulations. 

The  propellant  charges  were  casf-in-place  (case- 
bonded)  in  6-inch  I.  D,  motor  cases  which  were  lined  with  0,25  inch  of 
liner.  PL-33  liner  was  used  for  RH-P-163  propellant  and  CL-1  liner 
was  used  for  RH-C-27  propellant.  These  liner  formulations  arc  given 
in  Table  III.  The  liners  were  cast  into  the  cases  using  special  fixtures. 

Table  IE 


Composition  of  Liners 


Ingredients  (Wt.  %) _  CL-1 

ZL434  binder^  55.0 

Thermax  22.5 

Titanium  dioxide  22,5 


Q 

Hysol  epoxy  resin  2039 
Hysol  hardener  3579^ 
Triethylene  glycol  dinitrate 
Cellulose  acetate  powder 
Asbestos  powder 
BMP- 10^ 


PL-33 


20.4 

26.6 

23.0 

8.0 

20.0 

2.0 


cL 

Carboxyl-terminated  polybutadiene  polymer,  Thiokol  Chemical 
^Corporation,  Trenton,  New  Jersey, 

Trademark  for  thermatomic  carbon,  R,  T,  Vanderbilt  Co,,  Inc,, 
230  Park  Avenue,  New  York,  New  York, 

^Hysol  Corporation,  Clean,  New  York. 

Trademark  for  dimethylciminomethyl- substituted  phenols, 

Rohm  and  Haas  Company,  Philadelphia,  Pennsylvania, 

3.4  Hardware  Design 

High-pressure  6-inch  test  motors,  routinely  used  at 
these  Laboratories, were  used  for  these  firings.  A  special  aft-end 
adapter  was  made  to  hold  2-inch  nozzle  hardware  and  permit  pressure 
measurements  at  the  converging  face.  The  complete  motor  assembly 
is  shown  in  Fig.  5. 
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Some  preliminary  tests  >vere  made  with  nozzles 
containing  carbon  inserts;  the  throat  areas  enlarged  approximately 
40%  as  a  result  of  erosion  during  1.5  seconds  of  operation  at  the 
booster  pressure  (Appendix  C).  From  these  tests  it  was  decided  that 
throat  inserts  of  molybdenum  would  be  required  to  withstand  the  high 
booster  pressure  and  long  sustainer  burning  time.  Negligible  erosion 
occurred  with  the  molybdenum  inserts. 

The  nozzle  throats  were  sized  according  to  grain  design 
calculations.  However,  because  of  the  tw'o  pressure  levels  obtciined 
with  the  S3  motors,  a  special  problem  existed  with  regard  to  nozzle 
expansion  ratio.  A  study  was  carried  out  to  determine  the  best  expansion 
ratio  to  be  used.  The  results  showed  that  a  compromise  between  under¬ 
expansion  during  boost  and  overexpansion  during  sustain  was  the  most 
advantageous  for  this  application  (Appendix  D)  and  an  expansion  ratio 
of  about  5  was  used. 

4.  PROGRAM  PLAN 

In  order  to  obtain  as  much  data  as  possible  from  a 
limited  nxxmber  of  rounds,  an  eighteen-motor  test  program  was  set  up 
for  each  propellant.  In  this  program,  motors  were  to  be  fired  at  three 
conditioning  temperatures,  cycled  at  high  and  low  temperatures,  and 
subjected  to  acceleration  tests  on  a  centrifuge.  Since  several  propellant 
batches  were  necessary  for  obtaining  the  required  number  of  rounds 
for  this  program,  the  motors  were  assigned  so  that  both  batch-to-batch 
and  in-batch  variation  would  be  obtained  (Table  IV). 
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Table  IV 


Program  Plan  for  Dual- 

Thrust  Motors 

Number  of  Rounds 

Plastisol 

Composite 

Rounds  per  propellant  batch 

6 

3 

Number  of  batches 

3 

6 

Cycle  at -40*  F  and +140*  F 

5 

5 

Acceleration  test 

2 

n 

J 

Fire  at  -40*  F 

3 

3 

Fire  at  +140*  F 

3 

3 

Fire  at  +77*  F 

5 

5 

Total  rounds 

18 

18 

5.  RESULTS  OF  DUAL- THRUST  MOTOR  FIRINGS 
5,1  Description  of  Special  Instrximentation 

Since  these  motors  operate  at  two  widely  different 
levels  of  pressure  and  thrust,  specicd  instrumentation  was  required  to 
measure  both  levels  of  operation  to  the  desired  degree  of  accuracy. 

To  obtcun  thrust  measurements,  two  load  cells,  a  2000  Ibf  cell  for 
measuring  the  booster  thrust  and  a  200  Ibf  cell  (eqviipped  with  an  over¬ 
load  protection  device)for  measuring  the  sustainer  thrust,  were  coupled 
in  series.  During  booster  operation,  the  29O  Ibf  cell  was  bottomed  in 
its  support  frame.  As  the  thrust  decayed  to  approximately  )  25  Ibf, 
this  load  cell  began  recording  the  thrust  output- of  the  sustainer, 

A  5000  psig  pressure  gauge  and  a  500  psig  gauge  were 
used  to  measure  the  two  levels  of  pressure.  The  500  psig  gauge  was 
protected  during  booster  operation  with  an  inline  valve  between  the  gauge 
and  motor.  At  a  pre-set  time  after  booster  burn-out  the  valve  was 
opened  thus  allowing  this  gauge  to  measure  the  sustainer  pressure. 

Fig,  6  shows  the  arrangement  of  the  motor  and  gauges  on  the  firing  stand. 
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FIG.  6  THRUST  STAND  ASSEMBLY  FOR  DUAL  THRUST  MOTOR, 


5,2  Special  Data  Reduction  Procedures 

Data  reduction  of  the  two-level  pressure  and  thrust 
curves  was  complicated  by  the  transition  from  booster  to  sustainer 
operation.  Of  primary  interest  from  these  rounds  were  the  average 
thrust  levels  during  the  booster  auid  sustedner  burning  times  and  the 
reproducibility  of  the  transition  period. 

The  transition  phase  was  defined  as  the  interval 
beginning  at  booster  burnout  auid  ending  at  a  point  tangent  to  normal 
sustainer  operation.  A  representative  thrust-time  curve  showing  the 
different  phases  of  operation  is  given  in  Fig.  7. 

The  other  parameters  were  calculated  using  standard 
procedures  and  definitions. 
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fig.  7  REPRESENTATION  OF  THRUST -TIME  CURVE  SHOWING  DIFFERENT 
PHASES  OF  OPERATION. 

5.3  Ballistic  Results  From  Motors  Contai-ning  Plastisol  Propellant 

5.3.1  Reproducibility  Firings  at  +77  *F 

Five  rounds  were  conditioned  and  fired  at  +77 ’F  to 

determine  the  reproducibility  of  the  thrust-time  parameters  and  the 

transition  phase  with  RH-P-163  propelleuit.  All  rounds  functioned 

normally.  The  high  boost  phase  v/as  followed  by  a  sharp  and  smooth 

transition  to  the  low  sustain  level;  no  indication  of  quenching  or  unstable 

combustion  occurred  during  any  part  of  the  shot.  Typical  thrust-time 

curves  are  shown  in  Fig.  8. 

The  average  thrust  levels  during  boost  were  strongly 

influenced  by  ignition  pressure  and  the  time  to  reach  equilibrium 

burning.  Slow  ignition  resulted  in  the  lower  average  thrust  values 

(F  )  obtained  with  Round  Nos.  5083  and  5114  (Table  V).  Some 
b 

experimentation  with  the  igniter  2Uid  nozzle  closure  system  was 
necessary  to  obtain  the  desired  thrust  rise  time  of  20  msec,  or  less. 

A  15-gram  jellyroll  igniter  and  a  cone-shaped  ethyl  cellulose  closure 
gave  good  ignition  results. (Fig.  9). 

The  booster  thrust-time  parameters  were  qviite  close 
to  the  design  values  of  1000  Ibf.  and  1.5  sec.  Since  the  booster  thrust 
levels  and  burning  times  were  affected  by  the  ignition  rise  times,  a 
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FIG.  8  THRUST -TIME  CURVES  FOR  MOTORS  WITH  PLASTISOL 

NITROCELLULOSE  PROPELLANT. 


FIG.  9  ETHYL  CELLULOSE  NOZZLE  CLOSURE  (MODEL  3-O-M). 


CONFIDcNTIAL 


confidential 


15- 


better  indication  of  the  thrust  reproducibility  is  observed  from  the 


thrust  integrals. 


The  stamdard  deviation  of  these  values  is  less 


than  1%. 


T«bU  V 


artUttfc  ytaulls  from  Ptastisol  Wltroolluloss  PropsUmt,  KH«P»lti 

_ B»o<Hr _ 


7*«l 

rr«pflU«M 

W«lgM 

D„ 

Si 

'.P- 

No. 

T.m,.  (Tl 

1 

wt.  (Ibm) 

Bur**4  (Ibfn) 

IH 

(i‘«‘«i  (iM) 

(Ibf-asc) 

(■■») 

(lM-..e/lbn| 

$001 

77 

ll.)40 

12.004 

0.$)4 

0.$$0 

2$94  944 

14)4.42 

1.417 

2)2 

$004 

77 

ll.}|4 

12.020 

0.$94 

0.$$1 

2744  994 

14)4.42 

1.440 

2)2 

$017 

77 

11.4)) 

12.07$ 

0.$$4 

0.$$0 

2492  99) 

1440.24 

1.440 

2)4 

$114 

77 

11.400 

12.044 

0.$$4 

o.sso 

2S)4  940 

1424.04 

1.909 

2)0 

jiij* 

T7 

ll.)74 

12.092 

0.$$4 

0.i77 

2490  9S) 

1411.71 

1.91) 

224 

Avsrtffc 

Tin  TU 

Ifll.Sl 

imr 

rsT 

$094 

144 

ll.)49 

12.)24 

0.$$$ 

0.$44 

)294  1204 

1421.24 

1.140 

2)0 

$097 

144 

ll.)42 

<2.410 

0.$$$ 

o.$$o 

)149  1144 

1412.74 

I.21C 

224 

$094 

144 

ll.)49 

12.4)1 

0.$t$ 

0.$44 

)292  12)1 

14)), 44 

1.14$ 

2)1 

Avtraf* 

JIH  TUT 

niT.Tr 

THIT 

m 

$099 

-40 

ll.)44 

12.021 

0.$$$ 

0.S4$ 

AbMrmal  buralaf  dttrlu 

$104 

•40 

PropcUau  br«ah>«|»  aad  •bAor.nal  buratag 

4101 

•♦0 

Or«rpr*«*vr*4  IfttltlM  aad  blew  ttsaal*. 

9u*l4la«r 

Total 

T 

T 

/r 

t 

t. 

'•M 

'.JKl 

N«. 

(Ml«) 

m. 

!•«•.••«) 

(««C) 

<>«*«) 

i!W_ 

(Mmc) 

i>») 

•••c/lbtn) 

(IW-a*c/lbm) 

Ibf-aae 

$04) 

770 

44) 

114.17 

0.400 

2)4 

40 

914.)4 

19.2c 

144 

204 

2449.)$ 

4044 

744 

249 

112.$4 

0.)90 

21) 

49 

1072.01 

14.97 

194 

214 

2421.41 

$047 

477 

242 

1)).$2 

0.410 

209 

«« 

10)0.0) 

19.22 

147 

214 

24l).4) 

SlU 

7)7 

241 

114.27 

0.44$ 

217 

44 

994.97 

19.17 

140 

211 

24)9.)0 

$11)* 

444 

2$1 

114.42 

0.4S7 

14$ 

42 

1017.)7 

14.41 

142 

210 

294).  70 

Av«ri«a 

nr 

TIT 

nrn 

osr 

m 

n 

!wr 

ur 

nr 

nroi 

$094 

490 

)24 

142.14 

o.$oo 

2$0 

44 

1109.74 

1).14 

192 

211 

249).14 

4097 

797 

2)4 

124.)1 

0.7)0 

20$ 

74 

1009.42 

1).24 

171 

209 

2944.47 

4094 

444 

2)) 

171.20 

0.400 

2U 

41 

1091.44 

1).19 

179 

214 

2494.74 

Av*r«f* 

m 

m 

HOT 

KTTr 

m 

n 

lUi.N 

IXIT 

ITT 

ni 

rnnir 

$099 

l$$ 

)4 

4)4.91 

14.70 

$104  Prop«UMl  l»r*«k*«|>  Bsd  •huortnal  bwminf. 

$101  Or«rfir«t«ur«d  •!  m4  M*«  ms«1** 

OtMlr/  (1.90  i/cc)  irapMta  aeitlalMtrl  wllb  lU«  rvund. 


The  reproducibility  of  the  transition  periods  was  good; 
the  average  pressures, , thrust  integrals,  ajxd  transition  times  were 
consistent  (Table  V). 

The  pressure  auid  thrust  levels  of  the  sustauner  phase 
were  avpproximately  40  psig  and  15  Ibf , ,  respectively,  above  the 
design  values.  The  burning  times  were  shortened  by  approximately 
3  seconds  as  a  result  of  the  increased  pressure  (Table  V). 

The  liner  used  with  this  propellant,  PL-33,  contauned 
23%  of  an  energetic  plasticizer,  triethylene  glycol  dinitrate,  and 
approximately  0,7  Ibm.  of  liner  was  burned  during  each  shot.  An 
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analysis  of  the  effect  of  this  mass  being  discharged  through  the  nozzle 
showed  that  a  33  psi  increase  in  pressure  could  be  expected  (Appendix  E). 
It  was  concluded  that  the  higher  thrust  did  result  from  the  contribution 
of  the  liner  mass  burned. 

The  booster  specific  impulse  values  were  calculated 
using  the  actual  booster  propellauxt  weight;  the  weight  of  burned  liner 
was  included  in  the  weight  used  to  calculate  the  sustainer  specific 
impulse.  The  booster  values  are  low  owing  primarily  to  underexpansion 
of  the  gases  in  the  nozzle  while  the  specific  impulse  of  the  sustainer 
suffered  because  of  overexpansion  in  the  nozzle.  The  total  specific 
impulse,Igpj^is  the  total  impulse  divided  by  the  weight  burned, 

5.3.2  High  Temperature  Firings 

Three  rounds  were  conditioned  auad  fired  at  +146*F. 
Normal  pressure  and  thrust  traces  were  obtained  and  trauasition  was 
smooth  auxd  stable  (Fig.  8).  The  objective  of  these  tests  was  to  show 
that  the  sustainer  thrust  level  would  not  exceed  75  Ibf.  Owing  to  mass 
contribution  from  the  motor  case  liner,  the  sustainer  thrust  level  was 
higher  than  desired.  An  average  of  1.04  Ibm  of  liner  burned  with  these 
rounds  as  opposed  to  0.70  Ibm  for  the  +77 ’F  firings.  The  sustainer 
thrust  averaged  80  Ibf;  however,  it  would  have  been  well  below  the 
75  Ibf  maximum  value  if  no  mass  contribution  from  the  liner  had 
occurred. 

5.3.3  Low  Temperature  Firings 

Three  rounds  were  conditioned  and  fired  at  -40 *F  to 
show  that  the  booster  thrust  level  would  not  be  less  than  600  Ibf.  Round 
No.  5099  showed  an  increase  in  burning  surface  area  during  booster 
operation  which  resulted  in  an  abnormal  booster  thrust-timr  curve; 
however,  the  transition  period  smd  sustainer  operation  appeared  to  be 
normal  (Table  V).  Round  No.  5100  experienced  severe  propellant 
break-up  and  abnormal  burning.  Apparently  a  crack  had  developed 
in  the  head-end  region  of  the  booster  charge.  The  final  round  (No.  5101) 
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overpressured  upon  ignition  and  ejected  the  nozzle.  The  propellant 
charge  was  ejected  from  the  motor  case  and  burned  at  ambient  pressure 
on  the  test  bay  floor. 

These  abnormal  traces  eUid  malfunctions  were  probably 
the  result  of  the  propellant  gradn  cracking  during  pressurization  of  the 
motor.  No  flaws  were  observed  in  the  x-ray  photographs  before  firing. 

5 , 4  BalUstic  Results  from  Motors  Containi.ng  Composite  Propellaht 
5.4.1  Reproducibility  Firings  at  +77*F 

Nr  -  les  for  the  composite  propellant  rounds  were  sized 
to  give  pressures  of  3000  psia  during  boost  and  200  psia  during  sustain. 
The  first  of  these  roiuids  was  fired  at  +77*F  (Round  No.  5177),  and  an 
average  boost  pressure  oi  2786  psia  cind  a  sustain  pressure  of  l64  psia 
were  obtained  with  RH-C.-27  (Table  VI).  Tne  average  pressure  levels 
were  lower  than  expected;  however  the  pressure  increased  during  the 
last  20%  of  booster  burning  auid  was  more  progressive  than  could  be 
accounted  for  with  the  surface-web  history.  The  maximum  pressure 
at  booster  burn-out  was  3579  psia;  according  to  versus  pressure 
relationships  it  should  not  have  exceeded  3100  psia.  It  was  concluded 
that  the  pressure  exponent  of  the  propellant  began  to  increase  slightly 
when  the  pressure  exceeded  2850  psia. 

The  remaining  rounds  fired  at  +77 ‘F  used  slightly 
larger  nozzles  which  lowered  the  average  booster  pressure  by 
approximately  500  psia;  as  a  result  the  thrust  levels  were  approximately 
15%  lower  thaui  the  design  values.  Normal Jiressure  and  thrust  curves 
were  obtained  with  these  rounds.  The  transition  from  boost  to  sustain 
was  sha.pp,  smooth,  auid  reproducible  with  all  rounds  (Fig.  10,  Table  VI), 
More  than  sufficient  impulse  to  meet  the  reqioir ements 
was  delivered  by  these  charges;  however  the  distribution  of  the  impulse 
needs  to  be  improved.  The  booster  thrust  integral  was  low  by  about 
11%  whereas  the  sustadner,  including  transition,  was  about  21%  high. 

The  actual  thrust  levels  were  significantly  reduced  by  the  use  of  larger 
nozzles  and  the  average  thrust  ra^  o  was  19.3. 
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These  tests  showed  that  with  this  propellamt  the  upper 
operating  pressure  is  a  limiting  factor.  However,  smooth  tramsition 
to  stable  combustion  at  pressures  of  150  psia  and  lower  will  still  make 
possible  thrust  ratios  up  to  20.  The  design  thrust  levels  can  be  achieved 
a*"  lower  pressures  by  slightly  increasing  the  burning  rate  of  the  propellaiit 
which  would  allow  a  larger  nozzle  to  be  used. 

No  significant  mass  contribution  was  made  by  the 
motor  case  liner. 

Specific  impulse  values  (Igp^j)  were  calculated  from 
these  data  using  the  method  discussed  in  Section  5.3.1. 
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fig.  10  THRUST-TIME  CURVES  FOR  MOTORS  WITH  POLYBUTADIENE 
COMPOSITE  PROPELLANT. 


5.4.2  High  Temperature  Firings 

Three  rounds  were  fired  at  +146*F  and  all  burned 
normally, giving  traces  similar  to  those  of  the  +77 ’F  firings  (Fig.  10, 
Table  VI).  The  thrust  levels  were  only  slightly  higher,  6-7%,  than  the 
+77 “F  levels.  The  pressure  data  showed  the  temperature  coefficient 
for  these  temperatures  to  be  about  0.10%/*F  which  is  typical  of  this 
type  of  propellant. 

5.4.3  Low  Temperature  Firings 

The  first  round  fired  at  -40*F  (Round  No.  5183)  used 
a  nozzle  originally  sized  for  these  motors,  and  an  average  pressure  of 
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2527  psia  was  obtained  during  booster  operation.  Although  this  firing 
was  completely  normal,  the  remaining  two  rounds  designated  for  testing 
at  this  temperature  were  fired  with  the  larger  size  nozzles  in  order  that 
data  comparative  with  the  other  tests  could  be  obtained. 

As  stated  previously,  the  objective  of  the  -40*F  tests 
was  to  show  that  the  booster  thrust  level  WLuld  not  be  less  than  600  Ibf. 
Although  these  firings  were  made  at  lower  pressures  than  were  originally 
intended,  the  booster  thrust  levels  averaged  742  Ibf  which  was  considerably 
higher  than  the  600  Ibf  value  (Table  VI).  The  sustainer  pressure  was 
quite  low,  120  psig,and  the  sustainer  impulse  was  correspondingly  low; 
however,  stable  combustion  was  obtained  throughout  the  shots. 

6.  RESULTS  OF  OTHER  TESTS 
6.1  Thermal  Cycling  Tests 

Several  motors  from  each  propellant  composition  were 
subjected  to  thermal  cycling  tests  at  -40 ‘F  and  +140*F  to  determine  the 
structural  integrity  of  the  charge  design.  Two  motors  of  each 
composition  were  shock-cycled,  i,  e. ,  carried  directly  from  one 
temperature  extreme  to  the  other  without  equilibrating  at  +77 ’F.  Two 
motors  each  were  allowed  to  equilibrjate  at  +77  *F  between  the  temperature 
extremes;  and  one  motor  each  was  soaked  at  -40*F  for  an  extended 
period  of  time. 

The  charges  were  visually  inspected  after  each  half¬ 
cycle  and  occasionally  x-rayeH  while  at  -40 “F.  No  indication  of  fziilure 
was  observed  in  the  booster  portion  of  the  charges.  A  %-inch  deep 
circumferential  propellant/liner  separation  occurred  at  the  head  end 
of  the  colid  sustainer  charges  of  plastisol  propellant  after  a  few  cycles 
at  -40 ’F.  The  separations  were  not  considered  to  be  significant,  since 
no  flame  v/ould  reach  this  area  until  complete  burn-out.  No  failure 
occurred  with  the  composite  propellant  charges.  A  summary  of  the 
cycling  data  is  given  in  Table  VII,  Three  rounds  were  fired  successfully 
at  +77 ‘F  after  undergoing  10  shock  cycles. 
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Table  VII 

Results  from  Thermal  Cycling  Tests 


Charge 

.No. 

No. 

Cycles 

-40* 

Accumulative  Days 
'F  t77*F  +140*F 

Comments 

Plastisol 

P-5-1 

10 

15 

0 

15 

A  360*  propellemt- 

P-17-3^ 

10 

16 

0 

15 

liner  separation 
occurred  at  the  head 

P-1-1 

8 

28 

22 

16 

end  of  the  sustainer 

P-7-2 

8 

23 

22 

16 

charge  after  two 
cycles.  The  maodmum 

P-13-3 

0 

58 

0 

0 

depth  of  separation 
was  %  to  inch. 

Composite 

C-3-1 

10 

19 

0 

22 

No  failures  occurred 

C-1-1 

8 

13 

10 

10 

with  any  charge. 

C-4.2 

8 

19 

14 

10 

C-14.5 

a  ^ 

0 

30 

0 

0 

These  rounds  fired  successfully  after  undergoing  10  shock  cycles. 


6.2  Acceleration  Tests 

Two  motors  of  each  propellant  composition  were 
subjected  to  acceleration  tests  on  a  centrifuge.  The  acceleration  load 
was  gradually  increased  up  to  a  maudmum  of  17  g's  during  approximately 
120  seconds  and  then  decelerated  to  0  g  during  approximately  60  seconds. 
No  failure  occurred  at  thes^  test  conditions.  The  acceleration  load  was 
then  increased  to  35  g's  during  approximately  l65  seconds,  aind  no 
failure  occurred.  These  motors  were  later  fired  at  +77 ‘F  and  normal 
pressure  and  thrust  curves  were  obtained. 

In  an  effort  to  determine  the  load  required  for  failure, 
the  load  on  one  composite  motor  was  gradually  increased  to  75  g's  aind 
held  for  approximately  15  minutes.  No  failure  occurred  at  these 
conditions.  Since  the  75  g  load  was  the  maximum  available  with  the 
centrifuge  cind  was  considerably  more  them  this  motor  would  experience, 
no  further  tests  were  made. 
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6.3  Measurement  of  Temperature  Rise  of  the  Nozzle 

In  the  actuad  application  of  this  type  motor  it  might  be 
desirable  for  some  guidance  instrumentation  and  control  units  to  be 
packaged  aroiand  the  aft  end  of  the  unit.  Thus,  the  maximum  tempera¬ 
ture  of  the  outside  surface  of  the  nozzle  would  need  to  be  kept  within 
an  acceptable  range. 

The  outside  surface  temperature  of  the  nozzle  was 
recorded  during  firing  with  Round  No.  5113.  The  nozzle  contained  a 
throat  insert  of  high  density  (1.90  g/cc)  graphite.  No  attempt  was 
made  in  this  test  to  insulate  the  throat  insert  from  the  nozzle  housing; 
therefore,  the  temperatures  obtained  are  considerably  higher  than 
would  be  experienced  if  an  insulated  nozzle  design  were  used. 

Fig.  11  shows  the  test  set  up.  The  temperature 
appeared  to  level  off  at  18  seconds  at  500*F  (Fig.  12). 


THERMOCOUPLE 


'—THERMOCOUPLE 


FIG.  11  NOZZLE  SECTION  SHOWING  LOCATION  OF  THERMOCOUPLES. 
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FIG.  12  OUTSIDE  SURFACE  TEMPERATURE  OF  NOZZLE  CONTAINING 
GRAPHITE  INSERT. 

6.4  Calculation  cf  Mass,  Center  of  Gravity,  and  Pressure-Time 
Curve 

Generalized  equations  were  developed  for  determining 
the  mass,  center  of  gravity  location,  burning  surface  area,  chamber 
pressure,  burning  rate  and  elapsed  burning  time  as  a  function  of 
consumed  web  for  ainy  slotted  tube  grain  cast  tandem  to  an  end  burning 
grain.  A  FORTRAN  program  was  prepared  and  the  values  were 
printed  out  for  small  web  increments  for  the  composite  grain  (Table  VIII). 
Equations  which  included  pressure  decay  solutions  during  the  transition 
period  from  booster  chamber  pressure  to  sustainer  chamber  pressure 
were  also  developed  and  a  predicted  pressure-time  curve  was  generated 
for  plastisol  propellant.  The  agreement  was  excellent  (Fig.  13). 

7.  FEATURES  OF  A  FLIGHT-WEIGHT  MOTOR  DESIGN 

All  firings  of  the  dual-thrust  grains  were  carried  out 
in  heavy-weight  static  test  hardware.  However,  the  techniques  needed 
fabricate  a  flight  motor  are  well-developed.  Fig.  14  is  a  layout  that 
shows  the  important  design  features. 

The  motor  case  is  a  high-strength  steel  tube  with  an 
elliptical  head-end  closure.  A  release  boot  at  the  head-end  allows  the 
grain  to  move  freely  during  cure  euid  thermal  cycling.  Grease  may  be 
used  to  provide  hydrostatic  support  during  firing,  if  ncccocary. 
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CALCUL*nON  Or  CHANGE  tN  HASS*CENTEN  OF  GftAV|TV«AND  Th£  BURNING  SURFACE  HISTOh't  Of  A  90110  PROPELLANT  QPAIN 


PROPELLANT  FOPHULATIQN  COHPQStT^  C27  STUHG|S  |1/S0/6S 


2.7^00 

1.5000 

2.0000 

4.9290 

0.237A 

^3.1900 

0.0090 


ROE 

0.0000 

LI 

9.2300 

L2 

S9 

7.0000 

a 

1.2900 

DELX 

P2l 

0.1090 

Cl 

0.3300 

Lll 

AI 

0.9000 

L9t 

4.7300 

N 

AR 

0.0229 

NA 

0.3000 

CD 

TC 

•9123.0000 

L* 

14.O000 

LCT 

;lx3 

■ 

0.200G 

OELPCi. 

2.0000 

distance 

total 

total 

Chamber 

BURNING 

BURNED 

MASS 

SURFACE 

XBAR 

PRESSURE 

RATE 

0.0090 

12.044B 

17B.0611 

9.1347 

2091.4296 

0.4164 

0.0900 

11.0417 

129.9070 

9.0017 

2124.1067 

0.4209 

0 .  lOOO 

11.2309 

131.0919 

4.6636 

2199.9131 

0.4232 

0.1900 

10.6392 

132.2139 

4.7196 

2169.3972 

0.4299 

D.200D 

10.4316 

133.2739 

4.9696 

2213.6761 

0,4279 

0.2900 

10.0264 

134.2699 

4.4122 

2240.4319 

0.4299 

O'.TODO 

9.S2T9 

139.'202B  ~ 

4.2466 

“^269.9900 

0.431T 

0.3900 

9.2212 

136.0710 

4.0717 

2209.1230 

0.4330 

0.4000 

I.B174 

130.0767 

3.0063 

2311.0097 

0.4346 

0.4900 

0.4134 

137.6176 

3.6000 

2331.2192 

0.4360 

0.9000 

0.0093 

136.2949 

3.4773 

2349.7393 

0.4373 

0.9900 

7.6091 

130.9073 

3.2499 

2366.9929 

0.4309 

■  TJ.  SinilD 

'772003 

139.4963 

3.0027 

2301.6966 

-  0.4S06 

0.6900 

6.7960 

139.941? 

2.7333 

2399.0423 

0.4409 

D.7000 

6.3912 

140.3039 

2.4372 

2406.7061 

0.4413 

OUPNINO 

Tine 

—i.lifl' 

0.2303 

0.3504 

0.4740 

0.9909 

0.7073 

- 

0.9307 

1.0930 

1.1004 

1.2020 

1.3900 

■■ 

1.0240 

1.7373 


CONFIDENTIAL 


CONRDENnAL 


-25- 


2  6  10  14  18  22 


TIME -sec 

FIG.  13  COMPARISON  OF  EXPERIMENTAL  VS.  CALCULATED  PRESSURE-TIME 
CURVE. 


The  motor  case  liner  is  tapered  toward  the  forwar-' 
end  of  the  grain  to  allow  a  higher  propellant  loading  fraction.  The 
material  is  an  asbestos -phenolic  or  asbestos -rubber  material  having 
low  ablation  characteristics. 

The  nozzle  uses  a  molybdenum  throat  insert  which  is 
thermally  insulated  from  the  nozzle  housing  with  a  carbon-phenolic 
cloth  material.  The  converging  and  diverging  sections  of  the  nozzle 
are  also  protected  from  overheating  by  a  layer  of  ablative  insulation. 

If  the  motor  location  in  the  missile  is  critical,  a  sub-sonic  blast  tube 
can  be  incorporated  between  the  nozzle  and  motor  to  obteiin  an  acceptable 
position. 
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FIG.  14  FEATURES  OF  A  FUGHT  WEIGHT  MOTOR  DESIGN. 


8.  CONCLUSIONS 

A  combination  slotted -tube  end-burning  charge 
configuration  was  used  to  achieve  a  jwost-to-sustain  thrust  ratio  of 
about  20  in  a  single  chamber  motor  assembly.  The  grain  was  cast  in 
place  with  a  single  propellant  formulation. 

Test  firings  were  carried  out  with  both  plastisol 
nitrocellulose  composite  and  HC  binder  composite  propellants  containing 
1%  aluminum.  These  tests  demonstrated  rapid  and  smooth  trcinsitions 
from  the  high  to  the  low  levels  of  operation  with  pressure  ratios  up  to 
17.  No  indication  of  quenching  or  combustion  instability  occurred  with 
transitions  from  over  2000  psia  to  as  low  as  120  psia. 

Operational  capabilities  over  the  temperature  reinge 
-40*F  to  +140*F  were  demonstrated  with  successful  firings  of  the 
composite  propellant  rounds.  The  plastisol  charges  fodled  at  tempera¬ 
tures  of  -40 ‘F. 
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The  structural  integrity  of  this  charge  design  was 
proven  in  thermal  cycling  tests  at  -40*F  and  +140*F.  Motors 
containing  both  plastisol  and  composite  propellants  were  successfully 
cycled  between  these  temperatures  and  withstood  extended  periods  of 
cold  soaking  at  -40*F.  Charges  of  both  propellants  were  successfully 
subjected  to  acceleration  forces  which  were  by  a  factor  of  two  greate’- 
than  would  normally  be  experienced  in  a  proposed  application. 

The  ballistic  data  from  motors  containing  composite 
propellant  showed  thrust  ratios  of  20,  but  the  thrust  levels  were 
approximately  15%  lower  than  desired.  The  correct  thrust  levels 
can  be  easily  obtained  with  a  slightly  higher  burning  rate  propellant. 

The  thrust  ratios  of  the  plastisol  propellant  rounds 
were  low  as  a  result  of  higher -than-expected  sustainer  thrust  levels. 
The  high  sustainer  thrust  was  accovinted  for  by  mass  contribution  from 
the  motor  case  liner.  The  PL-33  liner  was  selected  for  these  tests 
because  it  was  easily  processed  and  readily  available.  Other  liner 
formulations  which  are  much  less  ablative  are  available  for  this 
propellant.  The  booster  thrust-time  parameters  were  very  near  the 
design  values. 

The  12-lbm  propellant  charges  of  both  compositions 
delivered  more  total  impxxlse  than  was  needed  to  meet  the  requirements 
for  this  application  and  the  dimensional  envelope  was  not  exceeded. 
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APPENDIX  A 

GRAIN  DESIGN  CALCULATIONS 


An  idealized  thrust-time  curve  for  the  dual-thrust 
motor  is  shown  in  Fig.  A-l. 

The  sustainer  change  configuration,  a  solid  end-burning 
charge,  was  established  by  the  technical  reqviirements  and  the  charge 

.iameter  was  arbitrarily  fixed  at  5.50  inches  to  permit  utilization  of 

» 

presently  available  hardware.  The  propellant  formulations  were 
selected  for  this  application  as  discussed  in  Section  3.2.  The  propellant 
mass  reqmred  for  the  total  sustadner  impulse  was  determined  by 


Eq.  (A-l). 


tot 


m  = 
P 


I  X  C_ 
Bps  F 


test 


std 


(A-l) 


where  L  ^ 
tot 


=  total  impulse 


m 

P 

I 

sps 


test 


prcpellant  charge  weight 

specific  impulse  corrected  to  1000  psia  chamber 
pressure,  optimum  expansion  ratio  at  sea  level 
pressure  (14.7  psia),  axid  0*  nozzle  exit  angle. 

thrust  coefficient  at  test  conditions. 


thrust  coefficient  at  standard  conditions. 


The  continuity  equation  (A-2)  was  used  to  calculate  the 
burning  rate  of  the  sustainer  charge. 

rfi 


r  = 


(A-2) 


where  r  =  burning  rate,  m  =  mass  discharge  rate,  p  =  propellant  density, 
and  S.  =  propellcint  surface  area.  The  pressure  corresponding  to  this 
burning  rate  was  obtained  from  experimental  data.  Again  the  continuity 
equation  (A-3)  was  utilized  to  determine  the  nozzle  throat  area,  Ajj. 
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Fj.g.  a-1  idealized  thrust-time  trace. 


A  =  - 


(A-3) 


=  discharge  coefficient  and  P  =  chamber  pressure. 

JlJ  c 

Equations  (A-l)  and  A-2)  were  used  to  calculate  the 
propellcint  weight  and  burning  rate  of  the  booster  charge.  Since  the 
nozzle  throat  area  was  established  from  sustainer  calculations,  the 
booster  chamber  pressure  was  determined  from  Eq.  (A-4) 


(A-4) 


The  surface  area  of  the  booster  charge  was  derived 

from  Eq.  (A-5), 

Scp“)  b  b 

.  ■  (W]V  ‘ 

where  c  =  burning  rate  constsuit  and  n  =  pressure  exponent.  The 
subscripts  b  cind  s  represent  the  booster  and  sustadner  respectively. 
Cancelling  terms  and  rearranging  gives 
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The  booster  surface  areas  were  then  calculated  using  techniques 
outlined  in  gradn  design  reports.  * 

A  summary  of  the  calculated  design  parameters  for 
both  propellant  compositions  is  given  in  Table  A-I. 

Table  A-I 

Calculated  Design  Parameters  for  Dual  Thrust  Motors 


Plastisol 

Composite 

Booster 

Sustainer 

Booster 

Sustainer 

Thrust.  Ibf  1000 

50 

1000 

50 

Burning  time,  sec.  1.5 

21.5 

1.5 

21.5 

Pressure,  psia  2650 

175 

3000 

200 

Burning  rate,  in/sec  0.73 

0.18 

0.50 

0.18 

Surface  area,  in^  95 

25 

135 

25 

Nozzle  threat  area,  in^  0.2428 

0.2127 

^Rohm  and  Haas  Company,  "The  Slotted  Tube  Grain  Design  "  S-27 
December  I960.  ’ 
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APPENDIX  B 

STRESS  ANALYSIS  OF  DUAL  THRUST  MOTOR 
Intr  oduction 

The  structural  integrity  of  the  dual  thrust  motor 
propellant  grain  has  been  analyzed  in  regard  to  loads  resulting  from 
thermal  shrinkage  and  from  ignition  at  low  temperatures.  Three 
variations  of  the  basic  design  were  analyzed.  Each  variation  has  a 
different  fillet  at  the  bottom  of  the  port;  otherwise,  the  grains  are 
identical. 

The  analysis  was  performed  using  the  finite  element 
method  which  has  been  programmed  for  computer  operation  for  the 
cases  of  plane  strain  (or  plane  stress)  and  axial  symmetry.  This 
method  has  been  widely  described  in  the  open  literature. 

Propellant  Mecharical  Properties 

The  propellant  tested  and  analyzed  was  a  nitrocellulose 
plastisol  propellant  RH-P-163  cc.  The  mechanical  property  data  is 
presented  graphically  in  Figs.  B-l  -  B-3.  Fig.  B-l  is  a  plot  of  the 
relcixal:! on  modulus  of  the  material  assuming  the  material  is  linear 
viscoelastic  and  that  the  strain  is  applied  at  a  constant  rate.  The 
modulus  in  Fig.  B-l  is  shown  plotted  against  reduced  time.  The 
shift  function  (A^)  for  this  material  is  shown  in  Fig.  3-2  as  a  function 
of  temperature.  The  fciiRire  limits  of  the  propellant  are  shown  in 
Fig.  B-3  where  the  maximum  allowable  stress  and  strain  are  shown 
as  functions  of  reduced  time. 

The  coefficient  of  cubical  expansion  of  the  propellant 

in3 

was  estimated  to  be  a  =  2,26  X  10"*.'  3  .  The  bulk  modulus  of  the 

propellant  was  assumed  to  be  350,000  psi,  a  value  typical  for  most 
solid  propellants.  The  grain  was: assumed  to  be  encased  in  an  aluminum 
cylinder  with  a  tensile  modulus  of  10.7  X  10^  psi. 
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RELAXATION  MODULUS  VERSUS  REDUCED  TIME  FOR 
RH-P-163CC  PROPELLANT  (A^  =  1  at  75 T). 
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FIG.  B-2  SHIFT  FUNCTION  VERSUS  TEMPERATURE  FOR  RH-P-l63cc 
PROPELLANT. 
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Results  of  Analysis 

As  mentioned  in  the  Introduction,  three  variations  of 
the  basic  grain  design  were  analyzed.  The  three  variations  designated 
as  variations  A,  B,  C  had  fillet  rp,dii  of  0,25-,  0.5 -,  eind  0.75 -inches, 
respectively.  Since  these  variations  differ  only  in  the  radius  of  the 
fillet  at  the  bottom  of  the  port,  the  results  of  the  different  analyses 
would  be  expected  to  differ  only  in  the  local  area  surrounding  the 
fillet.  Therefore,  results  for  the  three  variations  will  be  presented 
separately  only  for  the  fillet  area. 

By  examining  a  diagram  of  the  motor,  it  ccui  be  seen 
that  slots  are  present  in  the  aft  end  of  the  motor  which  provide  for 
additional  burning  area.  The  stress  or  stradn  distributions  around 
these  slots  have  not  been  evaluated  for  two  reasons.  First,  it  does 
not  appear  that  the  configuration  of  the  slots  would  produce  conditions 
as  critical  as  other  areas  of  the  motor  which  are  being  analyzed  in 
detail.  Secondly,  the  slots  cannot  easily  be  taken  into  account  in  using 
the  finite  element  method  due  to  the  non-axisymmetry  nature  of  the 
resulting  grain. 

Operating  conditions  require  the  motor  to  be  cycled 
between  +140*F  and  -40*F  aind  the  chamber  pressure  upon  ignition  is 
specified  to  be  3000  psi.  An  analysis  was  made  of  the  thermal 
shrinkage  problem  resulting  from  the  thermal  cycling  and  this  analysis 
is  described  first.  Following  this,  the  analysis  of  the  pressurization 
problem  at  low  temperature  is  described. 

1.  Thermal  Shrinkage  Analysis 

The  motor  was  assumed  to  be  cooled  to  -40 ‘F  from 
+80 ‘F  over  a  period  of  two  hours.  Using  the  above  values  for  the 
material  properties,  the  finite  element  method  was  used  to  determine 
the  stresses,  strains,  and  displacements  for  the  configuration  with  a 
C. 25-inch  fillet  radius.  Fig. .B-4 gives  the meiximum  normal  stress  and 
strain  distributions  in  the  body  analyzed.  The  figures  are  intended 
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only  to  indicate  the  distributions  of  the  stresses  and  streiins  and  not 
the  magnitude  of  the  extreme  stresses  and  stredns  existing  in  the 
actual  grain. 

By  examining  Fig.  B-4  is  is  apparent  that  there  were 
three  regions  in  the  motor  where  stress  (or  strain)  concentrations 
exist.  These  regions  are  indicated  by  the  numerals  I,  II,  auid  IE. 
Normally,  the  magnitude  of  the  stresses  and  strains  at  all  these 
locations  would  be  examined  for  possible  failure  conditions.  However, 
since  the  conditions  in  Regions  I  and  III  are  of  the  same  character  amd 
since  Region  I  is  the  most  critical,  only  Regions  I  and  II  were  considered 
in  tliis  analysis.  Since  changing  the  radius  of  the  fillet  does  not  alter 
the  stress  or  strain  distribution  in  Region  I,  only  one  basic  configuration 
need  be  considered  in  determining  the  structural  integrity  of  Region  I. 

The  values  predicted  for  the  stresses  and  strains  for 
the  case  of  thermal  shrinkage  loading  only  in  Region  I  are 


*5  53  psi, 
m  ^  ’ 

(B-)) 

»  24.8  psi,  auid 
m  ^ 

(B-?) 

«  5.1% 
m 

(B-?) 

In  Region  II,  the  maximum  stresses  and  strains  predicted  for  the 
thermal  shrinkage  loading  only  for  the  three  variations  are  summarized 
in  Table  B-I. 

Table  B-I 

Thermal  Shrinkage  Loading  Results  for  Region  II 


R 

e 

m 

(T 

m 

(in) 

(%) 

(psi) 

0.25 

11.3 

211.5 

0.50 

7.3 

135.6 

0.75 

3.8 

85.4 
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The  failui'e  conditions  for  the  thermal  shrinkage  analysis 
can  be  determined  from  Fig.  B-3  since  for  a  cooldown  time  of  2  hours 
and  a  temperature  of  -40 “F,  the  log  of  the  reduced  time  can  be  found 
to  be  -2.721.  For  this  reduced  time,  the  maximum  allowable  stresses 
and  strains  can  be  found  to  be 


e  «  16%, 

(B-;4) 

ma 

or  s:  100  psi,  and 

ma 

(B-5) 

T  «  50  psi. 

ma 

(B-6) 

Pressurization  Analysis 

The  head-end  of  the  dual  thrust  grain  is  restrained 
from  moving  forward}  hence,  no  shear  deformation  takes  place  in 
Region  I  due  to  pressurization.  Since  the  stress  condition  there  will 
be  essentially  hydrostatic.  Region  I  was  not  considered  in  the  analysis. 
Under  pressurization.  Region  U  would  most  likely  be  the  location 
where  failure  conditions  would  exist. 

To  determine  the  correct  modulus  to  use  in  this 
analysis,  the  reduced  time  must  be  computed.  Assuming  a  pressurization 
time  of  0.01  sec  and  a  temperature  of  -40t*F,  the  log  of  the  reduced 
time  was  computed  to  be  -8.58.  Since  the  data  available  in  Fig.  B-1 
does  not  cover  this  time  span,  a  value  of  25,000  psi  was  assumed  for 
the  modulus  to  be  conservative  in  predicting  the  strains.  The  strains 
were  assumed  to  be  indicative  of  failure  for  the  conditions  being 
examined.  As  before,  a  bulk  modulus  of  350,000  psi  was  assumed. 

The  maximum  normal  stresses  and  strains  determined 
in  Region  II  for  a  pressurization  loading  are  summarized  in  Table  B-II. 

Table  B-II 

Pressurization  Results  for  Region  II 


R 

€ 

or 

m 

m 

(in) 

(%) 

(psi 

0.25 

21.6 

600 

0.50 

14.0 

451 

0.75 

confideWial 
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The  failure  conditions  under  a  pressurization  load  can 
be  calculated  in  a  similar  manner  as  for  the  thermal  shrinkage  loading. 
The  fadlure  conditions  are  calculated  for  a  pressurization  time  of  0,01 
sec.  For  this  time  cind  a  temperature  of  -40 ‘F,  the  log  of  the  reduced 
time  is-8.58.  Although,  data  is  not  available  for  a  reduced  time  of  this 
magnitude,  the  data  available  can  be  extrapolated  to  obtain  the  failure 
data  if  it  is  recognized  that  large  errors  may  be  introduced  in  the 
process.  Extrapolating  the  curve  in  Fig.  3^  the  maximum  allowable 
strain  is  estimated  to  be 


€  a  1% 
ma 


(B-,7) 

The  maximum  allowable  normal  stress  is  similarly  estiniated  from 
Fig.  B-3  to  be 

a  log"^(3.2)  =  1580  psi.  (B-8) 


Conclusions 

Before  any  conclusions  are  made  concerning  possible 
failure  conditions  of  the  dual  thrust  motor,  the  limitations  of  the 
strength  analysis  need  to  be  realized.  In  addition  to  the  uncertainty 
caused  by  the  small  errors  which  result  from  use  of  the  finite  element 
method,  there  exist  gross  uncertainties  regarding  the  appropriate 
failure  criterion  to  use.  At  these  Laboratories,  the  failure  data  is 
gathered  only  from  uniaxial  tests.  Since  this  data  must  be  interpreted 
in  terms  of  possible  fcdlure  conditions  under  multiaxial  stress  and  strain 
conditions  in  the  motor,  large  errors  can  be  made  in  the  process  of 
predicting  failure. 

Under  the  thermal  shrinkage  loading  alone,  failure 
would  most  likely  occur  in  Regions  I  and  II.  In  Region  I,  fadlure  would 
most  likely  occur  by  exceeding  the  shear  stress  of  the  bond  causing  the 
propellant  to  separate  from  the  case.  Since  nothing  is  known  of  the  bond 
strength  in  shear,  the  shear  strength  of  the  propellant  alone  must  be 

I 

utilized.  The  maximum  shear  stress  predicted  in  Region  I  is  given  in 
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Eq.  B-2  to  be  24.8  psi.  The  maximum  allowable  shear  stress  is 
stated  ir  Eq.  B-6  to  be  50  psi.  This  would  seem  to  produce  ein  adequate 
margin  of  safety  regarding  this  feature. 

In  Region  II,  the  maximum  normal  strain  should 
probably  be  the  limiting  condition  for  the  thermal  shrinkage  loading. 

By  examining  Table  B-I,  it  CeUi  be  seen  that  neither  configuration  A,  B, 
or  C  produces  strains  which  exceed  the  maximum  allowable  normal 
strain  indicated  in  Eq.  4  to  be  16%.  ThuS;,  failure  in  the  fillet  due  to 
thermal  shrinkage  alone  would  be  unlikely  for  any  configuration 
examined. 

In  regard  to  the  low  temperature  pressurization 
problem  investigated,  failure  would  most  likely  be  a  function  of  the 
maximum  normal  strain  in  the  fillet.  Since  the  stradns  listed  in 
Table  B-II  for  configurations  A,  B,  and  C  exceed  the  maiximum 
allowable  strain  of  1%,  in  Eq.  7,  it  seems  very  possible  that  failure 
would  occur  under  the  coi-ditions  examined. 

In  summary  the  dual  thrust  motor  appears  adequate 
in  regard  to  bond  failure  at  the  head-end  of  the  gradn  (Region  I).  In 
Region  II,  the  indications  are  that  fadlure  is  prooable  under  pressure 
loading  at  low  temperatures  with  the  nitrocellulose  plastisol  propellant 
even  with  a  0.75 -in.  fillet  radius. 
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APPENDIX  C 

TESTING  OF  NOZZLE  THROAT  INSERTS 

Since  the  booster  charge  was  designed  to  operate  at 
a  high  pressure  ("“3000  psia)  for  1.5  seeeudo,  oOiije  tests  were  made 
early  in.  the  program  to  determine  if  standard  graphite  nozzle  inserts 
would  hold  up  under  these  conditions. 

Two  6C3-6^  plastisol  propellant  grains  were  modified 
to  very  nearly  simulate  the  booster  design  by  cutting  three  slots  in  one 
end  and  casting  a  head  end  web  in  the  other  end.  The  resultant  charges 
were  slightly  shorter  than  the  actual  design. 

The  booster  grain  design  performed  very  much  as 
expected,  but  severp  nozzle  threat  erosion  caused  low  operating 
pressures.  The  throat  areas  enlarged  approximately  40%  during  the 
tests.  Graphite  nozzle  inserts  were  also  tested  at  sustainer  operating 
conditions  with  solid  end-burning  charges.  No  nozzle  throat  erosion 
occurred  with  the  sustainer  charges  (Table  C-I). 


Table  C-I 


Tests  on  Graphit 

e  Nozzle  Inserts  Using  Plastis 

ol  Propellant 

Round 

Propellant 

Pressure 

Tim  e 

Nozzle  Throat  Diameter 
(in) 

No. 

Charge 

(psia) 

(sec) 

Before 

After 

4713 

Booster 

2065 

1.8 

0.496 

0.600 

4714 

Booster 

2256 

1.7 

0.498 

0.592 

4757 

Sustainer 

271 

14.5 

0.501 

0.504 

4758 

Sustainer 

261 

14.3 

0.502 

0.505 

A  round  was  prepared  to  test  a  molybdenum  throat 
insert  with  a  pomplete  booster  and  sustainer  charge.  This  test 
utilized  a  6C3-11.4^  grain  modified  in  a  similar  manner  as  the  6C3-6 
except  a  full  length  sustedner  charge  was  cast  in  the  head  end.  The 

^6C3-6  designates  a  3  inch  ID  cylindrically  perforated  propellant 
charge  in  a  6  inch  ID  by  6  inch  long  motor  case. 

^A  3  inch  ID  cylindrically  perforated  propellant  charge  in  a  6  in.  XI  1.4  in. 
motor  case. 
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actual  operating  conditions  of  the  dual  thrust  motor  were  simulated  in 
this  test,  and  the  molybdenum  throat  insert  was  not  eroded. 
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APPENDIX  D 

OPTIMIZATION  OF  NOZZLE  EXPANSION  CONE 


motor. 


Three  nozzle  designs  were  considered  for  the  dual-thrust 


1.  A  separating  exit  cone  design  permits  optimum 
expansion  and  thus  maximum  impulse  for  both  the  booster  and  sustedner 
operations.  However  several  inherent  disadvantages  render  this 
design  unattractive  for  tactical  field  weapons.  The  separating  exit 
cone  generates  a  falling  object  early  in  its  trajectory  which  in  many 
applications  could  be  a  hazard  to  troops  deployed  along  the  missile 
flight  path.  The  separation  mechanism  and  initiator  significantly 
increases  the  cost  and  complexity  of  the  motor  hardware  and  decreases 
the  operation  reliability.  A  maximum  gain  of  5%  total  impulse  could 
be  expected  with  a  separating  exit  cone  when  compared  to  a  fixed 
expansion  ratio  nozzle,  but  a  4%  addition  in  hardware  weight  would  be 
reqmred.  This  design  was  rejected. 

2.  The  step  nozzle  designs  attempts  to  provide  full 
expansion  at  booster  pressure  and  to  control  the  over  expansion  of  the 
sustedner  gases  by  pro^dding  a  sharp  separation  point  (Fig.  D-l). 

The  concept  was  tested  by  sixteen  firings  of  2C1.5-4 
clamp  motors.  One  series  of  motors  operated  at  200  psia  chamber 
pressure  to  simulate  the  sustainer  conditions,  and  one  series  operated 
at  3200  psia  to  simulate  the  booster. conditions.  RH-P-l53cc  propellant 
was  used  in  the  sustedner  motors  ana  RH-P-l63-cb  propellant  was  used 
in  the  booster  motors.  Four  different  test  configurations  were  fired; 
sustedner  control,  sustainer  step,  booster  control  and  booster  step, 

(Figs.  D-  2,  D-3).  The  control  nozzles  were  of  the  conventional 

optimum  expansion  ratio  design.  The  results  show  the  step  nozzle 

to  be  from  5.4%  to  6.9%  less  efficient  than  the  control  rounds  (Table  D-I). 
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FIG.  D-1  STEP  NOZZLE  CONCEPT. 


SUSTAINER  STEP  NOZZLE 


SUSTAINER  CONTROL  NOZZLE 

FIG.  D-2  SUSTAINER  TEST  NOZZLES. 
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BOOSTER  STEP  NOZZLE 


BOOSTER  CONTROL  NOZZLE 


FIG.  D-3  BOOSTER  TEST  NOZZLES. 

3.  The  fixed  expansion,  ratio  nozzle  offers  the 
greatest  simplicity  of  manufacture  and  least  weight  of  the  designs 
considered.  A  computer  program  was  prepared  to  optimize  the  fixed 
expansion  ratio  for  maximum  total  performance  for  the  dual  thrust 
motor.  An  expansion  ratio  of  5.45  was  found  to  provide  theoretical 
values  of  999  Ibf  booster  thrust  and  51.4  Ibf  sustainer  thrust  with  the 
grain  design  selected  for  the  dual  thrust  motor.  94.4%  of  maximum 
possible  combined  total  impulse  should  be  obtained  with  the  5.45 
expansion  ratio  nozzle  compared  to  93.7%  for  the  step  nozzle  design. 

From  the  nozzle  design  considerations,  the  5.45  fixed 
expansion  ratio  nozzle  was  selected  for  the  dual  thrust  motor  test 
program. 
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Table  D-I 


Variations  in  Thrust  Coefficient  Between  Step  Nozzles 
and  Control  Nozzles 


Average 


Round 

No. 

Nozzle  Type 

Chamber  Press, 
(psia) 

^(looo) 

4717 

sustain  control 

197 

1.2148 

1.4800 

4718 

sustain  control 

195 

1.2199 

1.4922 

4719 

sustain  control 

188 

1.2175 

1.4964 

4720 

sustain  control 

198 

1.2215 

1.4880 

Average 

values 

195 

1.2184 

1.4891 

4721 

sustain  step 

199 

1.1647 

1.4191 

4722 

sustain  step 

178 

1.1303 

1.3989 

4723 

sustain  step 

201 

1.1438 

1.3902 

4724 

sustain  step 

190 

1.1670 

1.4308 

Average 

values 

192 

1.1515 

1.4098 

%  Diff.  between  sustain  step^ sustain  control 

5.5 

5.4 

4725 

boost  control 

3250 

1.5825 

1.4940 

4726 

boost  control 

3364 

1.5918 

1.4^97 

4727 

boost  control 

3:28 

1.5909 

1.4976 

4728 

boost  control 

3089 

1.59J8 

1.5078 

Average 

values 

1.5893 

1.4998 

4729 

boost  step 

3141 

1.4654 

1.3866 

4730 

boost  step 

3213 

1.4978 

1.4147 

4716 

boost  st^p 

3016 

1.4735 

1.3969 

4766 

boost  step 

3017 

1.4597 

1.3848 

Average 

values 

1.4741 

1.3957 

%  Diff 

between  boost  step  and  boost  control 

7.3 

6.9 
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APPENDIX  E 

ANALYSIS  OF  PRESSURE  LEVEL  OF  SUSTAINER 
OPERATION  WHEN  A  SIGNIFICANT  MASS  OF  UNER  BURNS 

The  continuity  equation  where  no  contribution  from 
liner  is  realized  is  written  as 


pScP"  =  A  P 


(E-l) 


where 

P 

S 

c 


P 


n 


propellcint  density  =  0.058  Ibm/^n^ 
propellant  surface  area  =  25.60  in^ 
burning  rate  constant  =  0.0151 
chamber  pressure,  psia 
discharge  coefficient  =  0.0063  Ibm/lbf-sec 

nozzle  throat  area  =  0.2428  in^ 

pressure  exponent  =  0.485 


Rearranging  (E-l)  gives 


P  = 


-/  pSc 


1 

1  -n 


=  175  psia 


(E-2) 


which  is  the  pressure  for  normal  sustadner  operation. 

Including  the  liner  contribution  in  the  continuity  equation 

gives 

pScP*'  +  m  =  A  P  (E-3) 

v/here  m  =  mass  discharge  rate  of  liner  =  0.043  Ibn/sec  and  C  = 
i  Dz 

effective  discharge  coefficient  during  sustainer  operation  =  0.0068 
Ibm/lbf  -sec. 

Rearranging  (E-3)  gives 

(E-4) 


p“  _ +  _ L_  =  p 

A.C^  ^  A.a 


t  D, 


t  Do 
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which,  solved  by  trial  and  error,  gives 

P  =  208  psia  (E-5) 

These  relations  show  a  33  psi  increase  in  pressure  due 
to  burning  of  the  liner. 
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